Introduction
============

Most patients who undergo surgeries experience acute postoperative pain. However, evidence suggests that fewer than half of the patients achieve adequate or satisfactory postoperative pain relief.[@b1-ijn-12-5893] Postoperative pain, especially when poorly managed, leads to harmful acute effects (namely, adverse physiological responses) and increases the risk of postoperative complications and persistent postoperative pain. Persistent post-operative pain is an intricate response to tissue trauma during surgery that stimulates hypersensitivity of the central nervous system, which causes pain in areas not directly affected by the operative procedure. Either acute or chronic postoperative pain can raise the possibility of postoperative complications, increase the cost of medical care, and make wound recovery and subsequent return to normal activities difficult. Pain control following a surgery is a major priority for both patients and surgeons.

Several preoperative, intraoperative, and postoperative interventions and management strategies are available for reducing and managing postoperative pain. Opioids and nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly used for the management of postoperative pain.[@b2-ijn-12-5893] When given systemically, however, these drugs cause side effects including nausea, vomiting, dizziness, sedation, and pruritus;[@b3-ijn-12-5893] specifically opioids can cause respiratory depression and NSAIDs can cause impairment of renal function.[@b4-ijn-12-5893] An effective method for the management of postoperative pain after lower abdominal or lower extremity surgery is using epidural analgesia with local anesthetics, but it is a highly technique-dependent and invasive procedure.[@b5-ijn-12-5893]

Adhesion, on the other hand, is a band of scar tissue that binds two parts of tissues or organs together.[@b6-ijn-12-5893] Adhesions form when the body's repair mechanisms respond to any tissue disturbances, such as surgery, infection, trauma, or radiation. The most common locations where adhesions occur are within the abdomen, pelvis, and heart. Adhesions can result in a complex set of problems, namely adhesion-related disorder (ARD).[@b7-ijn-12-5893] Some commercial products have been approved for use as an adhesion barrier after abdominal or pelvic surgery.[@b8-ijn-12-5893] The barrier sticks to the tissues to which it is applied and is slowly absorbed into the body over a period of few days.

There have been different theories on the relationship between adhesion formation and operative pain. Unfortunately, the association between chronic pain and adhesion remains unproven, and many researchers have challenged the accepted notion that adhesions cause pain.[@b9-ijn-12-5893],[@b10-ijn-12-5893] In this study, we hypothesized that a biodegradable drug-eluting membrane can act as an anti-adhesive film that temporarily separates the internal tissues and organs as they heal, while also providing a sustainable release of analgesic drugs around the wound site to control postoperative pain. Currently, various polymeric materials have been investigated and tested as potential anti-adhesion barrier films, including nanosheets,[@b11-ijn-12-5893] polyvinyl alcohol (PVA)/gelatin membranes,[@b12-ijn-12-5893] polycaprolactone film,[@b13-ijn-12-5893] photocrosslinkable gellan gum film,[@b14-ijn-12-5893] silver nanoparticles-loaded poly([l]{.smallcaps}-lactide) fibrous membranes,[@b15-ijn-12-5893] chitosan--polyvinyl pyrrolidone film,[@b16-ijn-12-5893] and immobilized liquid layers.[@b17-ijn-12-5893] Despite these efforts, the development of drug-loaded anti-adhesion film has been limited. Chen et al[@b18-ijn-12-5893] were the only research team to propose a silver nanoparticle/ibuprofen-loaded poly([l]{.smallcaps}-lactide) fibrous membrane and evaluate its anti-infection and anti-adhesion effects.

This study's purpose was to develop a biodegradable lidocaine- and ketorolac-loaded nanofibrous anti-adhesive membrane that could provide a sustainable release of analgesics for surgical wounds. Lidocaine hydrochloride has been widely used as a local anesthetic,[@b19-ijn-12-5893] while ketorolac is an NSAID in the family of heterocyclic acetic acid derivatives that is used as an analgesic.[@b20-ijn-12-5893] The in vitro and in vivo release characteristics of the pharmaceuticals from the prepared membranes were investigated. Furthermore, the effectiveness and safety of the drug-loaded membranes were evaluated in rats that underwent abdominal surgeries. Histological examination of epithelialization and granulation on the wounds was also completed.

Materials and methods
=====================

In vitro release of lidocaine and ketorolac
-------------------------------------------

### Preparation of drug-eluting poly\[([d]{.smallcaps},[l]{.smallcaps})-lactide-*co*-glycolide\] (PLGA) nanofibers

Multilayered drug-loaded PLGA membranes were prepared using an electrospinning setup. The materials used included PLGA 50:50 polymer (Resomer RG 503; Boehringer Ingelheim, Ingelheim, Germany), lidocaine hydrochloride, and ketorolac (Sigma-Aldrich Co., St Louis, MO, USA). Membranes with two different PLGA-to-drug ratios (6:1 and 4:1) were produced. To prepare the drug-eluting membranes with 6:1 polymer-to-drug ratio, PLGA/lidocaine (240 mg: 40 mg) and PLGA/ketorolac (240 mg:40 mg) were first dissolved in 1 mL of hexafluoroisopropanol (HFIP; Sigma-Aldrich Co.). The PLGA/lidocaine solution was then conveyed and electrospun by the syringe pump into a nonwoven form of nanofibrous membrane. This was followed by the electrospinning of PLGA/ketorolac solution. The same procedures were followed to produce the membranes with 4:1 polymer-to-drug ratio, except that the polymer/drug amounts used were 224 mg:56 mg, respectively.

### Characterization of electrospun nanofibrous membranes

To analyze the diameter distribution, 50 nanofibers were first randomly picked from the scanning electron microscope (SEM) images. The diameters were then measured. The tensile properties of the electrospun nanofibrous membranes were tested on a tensile tester (Lloyd, Ametek, Portsmouth, VA, USA). Meanwhile, the water contact angles were characterized using the image of a sessile drop at the points of intersection between the drop contour and the projection of the surface (First Ten Angstroms, Berwyn, PA, USA; N=3).

### High-performance liquid chromatography (HPLC) assay

The release pattern of lidocaine and ketorolac from the drug-loaded nanofibrous membranes with different PLGA-to-drug ratios, ie, 6:1 and 4:1, was determined using an in vitro elution method and an HPLC assay. The lidocaine concentration analyses in the buffer were determined on a Hitachi L-2200R multi-solvent delivery system (Hitachi Ltd., Tokyo, Japan), using an Atlantis dC18, 4.6 cm ×150 mm HPLC column (Waters Corp., Milford, MA, USA). The mobile phase included 0.01 mol of ammonium formate (Sigma-Aldrich Co.) and methanol (Sigma-Aldrich Co.; 20/80 \[v/v\]). The absorbency was monitored by a ultraviolet light detector (Hitachi L-2400R; Hitachi Ltd.) at a wavelength of 254 nm, with the flow rate set at 1.0 mL/min. To characterize ketorolac, a Discovery C~18~, 5 µm, 4.6 cm ×250 mm column was employed. The mobile phase contained acetonitrile (Mallinckrodt, Inc., Surrey, UK) and 0.1% acetic acid (Sigma-Aldrich Co.) in a volume ratio of 70:30. The absorbency was monitored at 220 nm, and the flow rate was 1.0 mL/min.

### Membrane cytotoxicity

Membrane cytotoxicity was characterized using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Hoffman-La Roche Ltd., Basel, Switzerland) and human fibroblasts. Cell viability was monitored at 1, 2, 3, and 7 days by MTT assays and characterized by an enzyme-linked immunosorbent assay (ELISA) detector. An optical microscope (Olympus IMT-2; Olympus Corporation, Tokyo, Japan) was employed to observe and count the cell numbers.

In vivo study of animal behavior assessment
-------------------------------------------

### Surgical procedure

A rat model of incisional pain was employed in this study.[@b21-ijn-12-5893],[@b22-ijn-12-5893] All animal experimental procedures received approval from the Institutional Animal Care and Use Committee of Chang Gung University, and all studied animals were cared for according to the regulations of the Ministry of Health and Welfare of Taiwan under the supervision of a licensed veterinarian. A total of 35 adult Wistar rats weighing 200--300 g each were employed for the in vivo experiments: 20 rats were used for the in vivo drug concentration studies, while the other 15 rats were enrolled for the animal activity tests (N=5). For the drug concentration tests, the 20 rats received general anesthesia induced by inhalation of isoflurane (Aesica Queenborough Ltd, Queenborough, UK) by a vaporizer in an anesthesia box (40×20×28 cm). Anesthesia was retained during the entire duration of the surgical procedures via the mask inhalation of isoflurane. A 4 cm-long scission was created at the skin covering the lower abdomen of each rat, followed by the scission of the muscle layers. After the procedures mentioned earlier, the muscle layers were first sutured with 3--0 Vicryl sutures (Johnson & Johnson, New Brunswick, NJ, USA), followed by the application of analgesic-loaded PLGA nanofibrous membranes (PLGA-to-drug ratio of 4:1, 40×20 mm in size) between the skin and muscle layers. After the implantation of nanofibers, the wound was sutured with 3--0 Vicryl sutures (Johnson & Johnson) to finish the surgery. Rats were sacrificed at 1, 3, 7, and 14 days by giving an overdose of anesthesia (over 1.2 mL/kg of body weight) for local tissue samplings. The blood specimens were also gathered via syringes through heart puncture. Drug levels in the samples were characterized by employing an HPLC analysis.

### Post-surgery assessment

Another 15 rats were enrolled for the animal activity tests and were divided into three groups with five rats in each group (N=5). Group A received the surgery only (with no implantation of nanofibers), while group B received the implantation of lidocaine- and ketorolac-loaded nanofibers. The rats in group C received no surgery as a control group. After the surgeries, the general activity of each rat in all groups was evaluated by using an animal behavior cage. As shown in [Figure 1](#f1-ijn-12-5893){ref-type="fig"}, the cage had a dimension of 50×50×50 cm and was equipped with nine diffusion-scan type photoelectric switch sensors on top that possessed self-contained amplifiers (HP100-A1; Azbil Corp., Tokyo, Japan). The sensors were employed to monitor the movements of a rat within the cage. As a rat moved from one area of the cage to another, the sensor in the "approaching" area would be triggered by the activity. A microprocessor with an acquisition interface was employed to record the total number of triggers. The activity of each rat was observed and monitored for 7 days.

Statistical analysis
--------------------

Between-group differences were assessed using a least significance difference for continuous variables and chi-square test for categorical variables (activity performance score). All analyses were carried out employing SPSS software (Version 12.0; SPSS Inc., Chicago, IL, USA), with the threshold for significance set, a priori, at *P*\<0.05.

Results
=======

Characterization of analgesic-loaded nanofibers
-----------------------------------------------

Analgesic-loaded nanofibers were manufactured via the electrospinning method. [Figure 2](#f2-ijn-12-5893){ref-type="fig"} shows the SEM photos of the lidocaine-loaded nanofibers as well as the distributions of fiber diameters. The calculated diameters were 199.4±89.4 nm and 303.8±150.5 nm, respectively, for the 4:1 and 6:1 (PLGA to lidocaine) nanofibers. In addition, ketorolac-loaded nanofibers were also successfully electrospun. The obtained fiber diameters were 329.4±282.9 nm and 249.2±106.6 nm, respectively, for the 4:1 and 6:1 (PLGA to ketorolac) nanofibers.

[Figure 3](#f3-ijn-12-5893){ref-type="fig"} shows the Fourier transform infrared (FTIR) spectra of pure PLGA membranes versus analgesic-loaded PLGA membranes. In the spectra of the drug-loaded membrane, a new vibration peak at 3,400 cm^−1^ was observed. It can be attributed to the N--H bonds of lidocaine and ketorolac. On the other hand, the vibration at 1,725 cm^−1^ (C=O bond) was raised with the loading of the pharmaceuticals. Furthermore, the absorbance peak at around 1,300 cm^−1^ might be a result of the increase in C--O bonds in lidocaine and ketorolac.[@b23-ijn-12-5893],[@b24-ijn-12-5893] The FTIR spectra analysis verified that the analgesics were successfully incorporated into the PLGA membrane.

Measured water contact angles of pure PLGA, 4:1 and 6:1 PLGA:lidocaine ratio loaded nanofibers, and 4:1 and 6:1 PLGA:ketorolac ratio loaded nanofibers were 134.5°, 107.8°, 128.6°, 55.9°, and 76.4°, respectively. The presence of analgesics evidently increased the hydrophilicity of PLGA membranes. Furthermore, ketorolac-loaded membranes exhibited greater hydrophobicity than lidocaine-loaded membranes did.

The tensile test results suggested that the maximum tensile strength (and the elongation at the break) of the pure PLGA and 6:1 and 4:1 PLGA:drugs ratio loaded nanofibers were 4.62 MPa (140.7%), 3.1 MPa (25.4%), and 2.76 MP (9.45%), respectively. Clearly, the mechanical strengths decreased with the content of incorporated drugs.

[Figure 4](#f4-ijn-12-5893){ref-type="fig"} shows the results of cytotoxicity tests. The addition of pharmaceuticals in the membranes slightly inhibited the growth of the cells, especially in the membranes with greater drug ratios during the first 3 days. Nevertheless, all nanofibers showed no signs of cytotoxicity at day 7.

In vitro and in vivo release characteristics of lidocaine and ketorolac from the nanofibers
-------------------------------------------------------------------------------------------

[Figure 5A and B](#f5-ijn-12-5893){ref-type="fig"} shows the release curves of lidocaine and ketorolac, respectively, from the nanofibrous membranes in vitro. All analgesics showed a biphasic release behavior, namely an initial burst elution at days 1--3, followed by a nearly first-order drug release. The release characteristic was comparable for the nanofibers of different drug concentrations, exhibiting a tiny standard deviation for all the curves. This indicates that the loaded lidocaine and ketorolac were uniformly embedded in the biodegradable membranes. Furthermore, all electrospun nanofibers released effective concentrations of lidocaine and ketorolac for over 2 weeks.

[Figure 6](#f6-ijn-12-5893){ref-type="fig"} shows the in vivo release curves of lidocaine and ketorolac in tissue and blood. Both drug concentrations were high in the tissue for more than 2 weeks, while they remained relatively low in the blood.

Effectiveness of released drug evaluated by animal activities
-------------------------------------------------------------

The triggered counts for the three groups (A, B, and C) over the postoperative 7 days are shown in [Figure 7](#f7-ijn-12-5893){ref-type="fig"}. The recorded counts from the sensors were 10,244±1,703, 17,193±3,460, and 13,736±793, in groups A (surgery only), B (surgery followed by the deployment of drug-eluting membrane), and C (control), respectively. The number of triggered counts in group A was significantly lower than that of control in group C, demonstrating the effect of the surgical intervention on animal's activity. Nevertheless, the number of trigger counts was superior in group B to that of group A, suggesting that the rats that had been treated with the biodegradable lidocaine/ketorolac membranes showed greater activity levels. In addition, all rats exhibited a greater number of triggers at sensor location number 3. This was mainly due to the more frequent visits around the area of food and water supply.

Follow-up and histology analysis
--------------------------------

The implanted membranes in the animals were not noticeable at 2 weeks after surgery. Furthermore, no tissue adhesion was observed ([Figure 8](#f8-ijn-12-5893){ref-type="fig"}), demonstrating the potential anti-adhesion capability of the analgesic-eluting nanofibrous membrane developed in this study.

[Figure 9](#f9-ijn-12-5893){ref-type="fig"} shows the histological examination of both group A (without membrane) and group B (with drug-eluting membrane). The result suggested that, at day 1 especially, the membrane in group B induced a foreign body reaction, which was characterized by infiltrates of lymphocytes and multinucleated giant cells in the dermis. The reaction then subsided in the following days.

Discussion
==========

Pain is the body's natural response to tissue injury, and both the injury itself and the following inflammatory reaction near the injured site contribute to pain. Uncontrolled postoperative pain may activate the sympathetic nervous system, which may increase myocardial oxygen consumption and increase the risk of myocardial ischemia or infarction. Sympathetic activation may also reduce the gastrointestinal motility, which may result in the postoperative ileus. The postoperative pain is associated with a variety of pathophysiologic responses that may be initiated or maintained by nociceptive input including neuroendocrine response and local inflammatory response. The transmission of stimuli from the periphery to the central nervous system results in the neuroendocrine stress response, which may potentiate physiologic effects in other areas of the body such as hypercoagulation, hyperglycemia, and immunosuppression. All of these effects can contribute to poor wound healing.

The local anesthetics act as the sodium channel blockers on the nerve fibers, inhibiting the conduction of nerve impulse from the target site to the central nerve. When injected into the soft tissue, such as skin or muscle, local anesthetics provide sufficient anesthesia effects that could be applied in most superficial surgical procedures. Long-acting anesthetics could also be employed for postoperative pain control because of their prolonged anesthesia effect. However, the longest duration of analgesic effect in one single injection is still limited to 4--6 hours only, and this has been believed to restrict the use of local anesthetics for pain control in major surgeries such as laparotomy. Some advanced approaches to pain management have been applied by placing a catheter into the epidural space around the spinal cord, through which the local anesthetics and other analgesic drugs could be administered by continuous infusion to achieve a sustained analgesic effect over certain areas such as the abdomen and lower extremities. These approaches, however, are highly technique dependent, and there are still risks such as misplacement of catheter into blood vessels, which leads to intravenous delivery of local anesthetics and induces disastrous level of cardiac toxicity. There are also catheter-related complications such as infection or hematoma.

The NSAIDs exert their analgesic effect through inhibition of cyclooxygenase (COX) and synthesis of prostaglandins, which are important mediators of peripheral sensitization and hyperalgesia. NSAIDs have been generally employed as a useful adjunct to opioids for moderate-to-severe pain by providing analgesic effect through mechanisms different from opioids or local anesthetics. When administered systemically, however, NSAIDs may cause several side effects including decreased hemostasis, renal dysfunction, and gastrointestinal hemorrhage and influence bone healing. Topical use of NSAIDs as pain patches has been widely used and commercially available, but most of them are used for sore muscle symptoms, not for surgical pain management.

We assume that the problems resulting from the conventional pathway of drug delivery can be diminished by the use of an analgesic-loaded PLGA nanofibrous membrane which has the capacity for sustaining a release of lidocaine and ketorolac without using catheter insertion to the nerve.[@b25-ijn-12-5893],[@b26-ijn-12-5893] PLGA has been among the most attractive polymeric candidates used to fabricate devices for various applications such as drug delivery and tissue engineering.[@b27-ijn-12-5893],[@b28-ijn-12-5893] A previous study has proposed that lidocaine-embedded PLGA nanofibers can provide sustained relief of pain after the osteosynthesis surgery of rib fractures.[@b29-ijn-12-5893] In this study, we developed lidocaine- and ketorolac-loaded PLGA nanofibers, exhibiting the capability of sustaining an elution of analgesics at the wound site, as an extended local anesthetic patch for pain relief.

One major concern with the clinical application of local anesthetics is the systemic toxicity when the drugs are absorbed into blood circulation up to a toxic level. The empirical results in this study showed the biphasic release characteristic of lidocaine/ketorolac-loaded nanofibers, exhibiting an initial burst elution at days 1--3 and a first-order drug release pattern for 3 weeks. Most importantly, the drug-loaded nanofibers could provide a sustained release of high levels of lidocaine and ketorolac for over 3 weeks postoperatively. This extended elution of therapeutic levels of analgesics could provide a particular benefit in the administration of wound healing and appropriate pain management for patients. The concentration of lidocaine is much lower in the plasma than in the local area, but the plasma concentration still exceeded the toxic concentration (ie, \>7 µg/mL) for the postoperative days.[@b30-ijn-12-5893] Fortunately, no rats died during the entire study period (up to 14 days). Future study should be conducted to further identify the optimal size of the membrane to achieve effective analgesia at the target area with minimal plasma concentration.

Appetite and body weight monitoring have been widely employed as potential ways to evaluate the degree of postoperative pain and the effectiveness of analgesics. We assumed that pain can influence an animal's moving activity and adopted the animal bioactivity cage for pain assessment. The significant differences in activity between the three groups illustrated the painful disturbance resulted from the surgeries in rats in experimental groups A and B. Furthermore, comared to the activity level measured in group A (without membrane), the raised rat activity in group B (with drug-eluting membrane) testified to the analgesic effect of lidocaine and ketorolac eluted from the drug-loaded nanofibers.

Although the current study has yielded some preliminary findings, it also has associated limitations. The first limitation is the relatively small number of study rats enrolled in this study. The second one pertains to be the relatively short period of time for animal activity monitoring (ie, 1 week). However, the experimental results show that even this short-term observation was enough to recognize significant differences in postoperative activity levels between group A (with no membrane) and group B (with drug-eluting membrane). Finally, the relevance of the findings in this study to humans with surgical pain remains unclear and needs to be further explored.

Conclusion
==========

We have successfully developed biodegradable analgesic-loaded nanofibers and assessed their effectiveness for a sustainable elution of lidocaine and ketorolac. The experimental results showed that the analgesic-loaded nanofibers could provide appropriately sustained lidocaine and ketorolac levels at the wound site for over 3 weeks post surgery. The nanofibrous membranes also exhibited anti-adhesion characteristics. Nanofibers that have sustainable analgesic release capacity may act as an anti-adhesion membrane that provides an effectively long-term pain relief for rats with skin wounds.

This work was supported in part by the Ministry of Science and Technology, Taiwan (Contract No 104-2221-E-182-048-MY3) and the Chang Gung Memorial Hospital (Contract No CMRPD3D0153).

**Disclosure**

The authors report no conflicts of interest in this work.

![(**A**, **B**) Setup of the ABC.\
**Abbreviation:** ABC, animal bioactivity cage.](ijn-12-5893Fig1){#f1-ijn-12-5893}

![SEM photos and fiber diameter distribution of electrospun lidocaine. (**A**, **C**) 4:1 PLGA-to-lidocaine ratio loaded nanofibers, (**B**, **D**) 6:1 PLGA to lidocaine ratio loaded nanofibers. Magnification ×3,000.\
**Abbreviations:** PLGA, poly\[([d]{.smallcaps},[l]{.smallcaps})-lactide-*co*-glycolide\]; SEM, scanning electron microscope.](ijn-12-5893Fig2){#f2-ijn-12-5893}

![FTIR spectra of electrospun nanofibrous membranes.\
**Abbreviations:** FTIR, Fourier transform infrared; PLGA, poly\[([d]{.smallcaps},[l]{.smallcaps})-lactide-*co*-glycolide\].](ijn-12-5893Fig3){#f3-ijn-12-5893}

![(**A**, **B**) Toxicity of electrospun drug-loaded nanofibers. \**P*\<0.05.\
**Abbreviation:** PLGA, poly\[([d]{.smallcaps},[l]{.smallcaps})-lactide-*co*-glycolide\].](ijn-12-5893Fig4){#f4-ijn-12-5893}

![(**A**, **B**) In vitro release curves of analgesics from the nanofibrous membranes.\
**Abbreviation:** PLGA, poly\[([d]{.smallcaps},[l]{.smallcaps})-lactide-*co*-glycolide\].](ijn-12-5893Fig5){#f5-ijn-12-5893}

![In vivo release of lidocaine and ketorolac from the nanofibrous membranes.](ijn-12-5893Fig6){#f6-ijn-12-5893}

![Measured activities of the rats. \**P*\<0.05.](ijn-12-5893Fig7){#f7-ijn-12-5893}

![Recovery of the wound site with membrane deployed.](ijn-12-5893Fig8){#f8-ijn-12-5893}

![Wound healing in (**A**) control group and (**B**) nanofibrous membrane group at 1, 3, 7, and 14 days post surgery (scale bar: 1 mm).](ijn-12-5893Fig9){#f9-ijn-12-5893}
